Abstract Small bowel (SBNETs) and pancreatic neuroendocrine tumors (PNETs) often present with liver metastases. Although liver biopsy establishes a neuroendocrine diagnosis, the primary tumor site is frequently unknown without exploratory surgery. Gene expression differences in metastases may distinguish primary SBNETs and PNETs. This study sought to determine expression differences of four genes in neuroendocrine metastases and to create a gene expression algorithm to distinguish the primary site. Nodal and liver metastases from SBNETs and PNETs (n = 136) were collected at surgery under an Institutional Review Board-approved protocol. Quantitative PCR measured expression of bombesin-like receptor-3, opioid receptor kappa-1, oxytocin receptor, and secretin receptor in metastases. Logistic regression models defined an algorithm predicting the primary tumor site. Models were developed on a training set of 21 nodal metastases and performance was validated on an independent set of nodal and liver metastases. Expression of all four genes was significantly different in SBNET compared to PNET metastases. The optimal model employed expression of bombesin-like receptor-3 and opioid receptor kappa-1. When these genes did not amplify, the algorithm used oxytocin receptor and secretin receptor expression, which allowed classification of all 136 metastases with 94.1 % accuracy. In the independent liver metastasis validation set, 52/56 (92.9 %) were correctly classified. Positive predictive values were 92.5 % for SBNETs and 93.8 % for PNETs. This validated algorithm accurately distinguishes SBNET and PNET metastases based on their expression of four genes. High accuracy in liver metastases demonstrates applicability to the clinical setting. Studies assessing this algorithm's utility in prospective clinical decision-making are warranted.
Introduction
Small bowel (SBNETs) and pancreatic neuroendocrine tumors (PNETs) have an annual incidence of around 1.2 per 100,000 people in the United States, which has increased significantly since the 1970s [1] . These tumors present with metastases in 50-85 % of cases, often to the liver [2] . While the neuroendocrine diagnosis can be established from tissue obtained from percutaneous liver biopsy, the primary site of origin generally cannot be determined from histology alone. Endoscopic and radiologic investigations, including CT, MRI, and peptidereceptor-based imaging strategies can assist in locating the primary tumor, but even after an optimal workup, the primary site of origin remains unknown prior to surgery in up to 20 % of cases [3] [4] [5] . As primary gastric, duodenal, rectal, and colonic NETs can be identified on endoscopy, and bronchial NETs have radiographically detectable lung lesions, most NETs of unknown primary arise from either the small bowel or the pancreas [3, 6, 7] .
Knowing the primary site of origin of neuroendocrine liver metastases can alter clinical management. Despite the high incidence of metastases at diagnosis, NETs are quite treatable, and patients with stage IV disease may survive for many years [8, 9] . Resection of the primary tumor is beneficial even in the setting of metastatic disease, and surgical planning is improved when the location of the primary tumor is known [10] [11] [12] [13] [14] [15] [16] . Even when surgery is not being considered, medical treatments differ depending on the primary site [17] . Targeted therapeutics, such as the mammalian target of rapamycin (mTOR) inhibitor everolimus and the multikinase inhibitor sunitinib are approved for PNET treatment based on improved progression-free survival in randomized trials, but are less effective in SBNETs [18, 19] . Similarly, the chemotherapeutics streptozocin and temozolomide show greater effectiveness in PNETs than SBNETs, and are rarely prescribed for the latter [4, 17, [20] [21] [22] . Due to the importance of identifying the primary site, methods to distinguish the source of NETs from biopsy of metastases have been investigated. Immunohistochemistry (IHC) has been studied extensively for this purpose, but while sensitive candidate markers exist, the low specificity of individual markers may limit overall accuracy [23, 24] .
Differences in gene expression between metastases arising from SBNETs and PNETs can be exploited to distinguish the site of unknown primaries. Gene expression signatures differentiating NETs have been reported, but suffer from small sample sizes, inclusion of specimens from primary tumors and metastases, or lack of sufficient validation, and have yet to find widespread clinical application [25] [26] [27] . Our own group has investigated gene expression profiles of SBNETs and PNETs to identify markers that could indicate the primary site of origin. Initial studies of G protein-coupled receptor and exon expression arrays in a limited number of clinical specimens suggested that a formula based on expression of the oxytocin receptor (OXTR) and secretin receptor (SCTR) in metastases might discriminate between metastases of small bowel versus pancreatic origin [28] . However, validation of this formula in 45 SBNET and PNET liver metastases revealed an accuracy of only 71 % for determining the primary site [29] .
More recently we studied a panel of 13 genes, chosen from earlier expression array experiments, in a large number of primary and metastatic SBNET and PNET specimens to define novel therapeutic targets. In addition to identifying the gastric inhibitory polypeptide receptor (GIPR) as a promising target, this study found large differences between primary SBNET and PNET tumors in expression of the bombesin-like receptor-3 (BRS3) and the opioid receptor kappa-1 (OPRK1) [30] . This suggested that expression of these genes might allow determination of the primary site of a liver metastasis of unknown origin. The aim of the present study was therefore to further characterize expression of these genes in SBNET and PNET metastases, and to develop and validate an algorithm to determine the primary tissue of origin based on gene expression in metastatic tissue.
Materials and methods

Patients and tumor samples
Tissue specimens from liver and lymph node SBNET and PNET metastases in addition to primary tumors were collected at surgery under an Institutional Review Boardapproved protocol. SBNETs were defined as tumors arising between the ligament of Treitz and the ileocecal valve. All patients provided informed consent. Tissue samples were preserved in RNAlater solution at -20°C (Life Technologies, Grand Island, NY). The primary site of origin was confirmed at the time of surgery. Clinical correlations employed the University of Iowa Neuroendocrine Tumor Database [31] .
Quantitative PCR Expression levels of four genes (BRS3, OPRK1, OXTR, and SCTR) shown previously to have significant expression differences between SBNETs and PNETs were assessed as described [29, 30] . Briefly, total RNA was extracted by the TRIzol method and reverse transcribed to cDNA (Life Technologies). Quantitative PCR (qPCR) was performed in triplicate with Taqman probes and primers [29] , using the 7900 HT-Fast Analyzer System (Life Technologies). Mean expression by threshold cycles (Ct) was normalized to that of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and polymerase (RNA) II polypeptide A (POLR2A), which are internal control genes that are uniformly and highly expressed, to give dCT. Lower dCT indicates higher expression, with fold changes calculated as 2
-(dCT1-dCT2) .
Algorithm development and statistical analysis
Progression-free and overall survivals were estimated by Kaplan-Meier method from the date of surgery. Continuous clinical variables were compared by Wilcoxon RankSum test and categorical variables by Fisher exact test. Gene expression (dCT) in nodal and liver metastases was compared by Welch's t test. Model development employed multivariate logistic regression on a training set of nodal metastases without associated liver metastases (n = 21). Models were developed with combinations of informative genes, and an overall prediction algorithm prioritized the best-performing models first. The algorithm was locked and its performance was assessed on all metastases (n = 136) and on the independent validation set of liver metastases (n = 56). Accuracy, sensitivity, specificity, and positive predictive values for primary site predictions were determined. All calculations were performed in R v.3.0.1 (Vienna, Austria). A web-based metastasis primary site prediction tool incorporating the prediction algorithm was developed using JavaScript.
Results
Clinical characteristics of patients with metastatic tumors
In total, 136 metastases from 86 patients were analyzed, representing 61 primary SBNETs and 25 primary PNETs. 
Gene expression in metastases
Four genes, BRS3, OPRK1, OXTR, and SCTR were previously shown to have significantly different expression in primary SBNETs compared to PNETs [30] . To determine whether expression differences by primary tumor type were also present in metastatic tissues, the dCTs of these four genes were measured in 97 SBNET and 39 PNET liver and lymph node metastases ( Fig. 1 ). All four genes showed significantly different expression in metastases based on primary type (Table 1) . Fold-expression differences between the metastases of the two primary tumor types ranged from 4.9-fold for SCTR to 36.5-fold for OPRK1. Two genes, BRS3 and SCTR, showed lower dCTs in PNET metastases while the other two, OPRK1 and OXTR, had lower dCTs in SBNET metastases. The large differences in gene expression between metastases from different primary sites suggested that measuring their expression could help distinguish the primary site of origin.
Algorithm development
Predictive model development generally involves choosing a subset of the total dataset for model training, with the remaining cases reserved for validation. For neuroendocrine tumors, a model's performance in discriminating the primary site of liver metastases is of greatest interest, because these are the tissues most accessible to percutaneous biopsy. To reserve the maximum number of liver metastases for validation, models were developed using a training set of nodal metastases. However, since some patients had both nodal and liver metastases, employing a training set comprised of all available nodal metastases would compromise the independence of the liver metastasis validation set. To solve this problem, the training set for model development used only ''independent'' nodal metastases-those without associated liver metastases (n = 21 at time of model development). This approach provided a suitable training set, while preserving all liver metastases for performance assessment.
To ensure validity of a strategy treating nodal metastases as equivalent to liver metastases, expression of BRS3, OPRK1, OXTR, and SCTR was examined in 80 nodal metastases as compared to 56 liver metastases (Fig. 2 ). Expression levels of three genes (BRS3, OPRK1, and OXTR) were not significantly different in nodal compared to liver metastases (p [ 0.05 for all) ( Table 2) . Unexpectedly, SCTR had significantly higher expression (lower dCT) in liver compared to nodal metastases from both primary tumor types (mean ?3.5-fold in SBNET and ?7.0-fold in PNET metastases, p \ 0.001 for each). From these results we conclude that BRS3, OPRK1, and OXTR have similar expression in SBNET and PNET nodal and liver metastases, and that these genes represent the strongest candidates for inclusion in nodal metastasis-derived models to predict the primary site of liver metastases.
Models were developed using combinations of two, or all three of the strongest candidate genes. When tested for performance in the training set, two models correctly distinguished 100 % of metastases (21/21). One of these incorporated expression of BRS3, OPRK1, and OXTR, while the other used BRS3 and OPRK1 only. The two-gene model was selected as the optimal model due to its lower Akaike information criterion score (6 vs. 19) , and the greater separation in the distribution of OPRK1 dCT values between SBNET and PNET metastases compared to OXTR (Fig. 1 ). The optimal model is defined by the equation: SBNET small bowel neuroendocrine tumor, PNET pancreatic neuroendocrine tumor; mets: metastases; n number of samples, IQR interquartile range For the model to return a prediction, dCT values for both BRS3 and OPRK1 must be available. Occasionally, a gene will not amplify and its Ct value cannot be determined. This occurs most often because of expression below the limit of detection in that specimen. Due to the expected failure of the optimal genes to amplify in all samples, the less-favored two-gene models, and a model employing SCTR expression, were incorporated as backups into an overall algorithm (Fig. 3) . The algorithm predicts the primary site based first on the optimal BRS3 and OPRK1 model (Step 1). When either of these genes do not amplify, models using OXTR and either BRS3 or OPRK1 determine the primary site (Step 2). Finally, for metastases without amplification of BRS3 or OPRK1, the less-preferred OXTR and SCTR model assigns the primary site (Step 3). If none of these models applies, the sample is deemed a technical failure.
Model performance
After development in the training set of nodal metastases, the algorithm's formulae were locked and its performance was assessed in all available metastases (Table 3 ). The algorithm made primary site predictions in all 136 samples tested, with no technical failures. The optimal model (Step 1) made the prediction in 90 % (122/136), with ten predictions made by
Step 2 and the remaining four by Step 3 (Fig. 3) . In the combined training set and the independent set of nodal and liver metastases, the algorithm correctly classified the primary site in 128 of 136 metastases (94.1 % overall accuracy). The model performed better in SBNET metastases (94/97, 96.9 % 
Model validation
A limitation of analyzing all metastases together is that it combines the training set and validation set, and also nodal and liver metastases arising in the same patient. To obtain the best understanding of the likely clinical performance of the algorithm, we next limited our analysis to the independent validation set of 56 liver metastases from 56 patients ( Table 3) . Among these metastases, the algorithm correctly assigned the primary site of origin in 52 of 56 (92.9 % accuracy). Performance was again better in SBNET metastases (37/38, 97.4 % sensitivity). Sensitivity in PNET liver metastases was lower at 83.3 % (15/18, p = 0.09), however, positive predictive values were greater than 92 % for both tumor types (92.5 % for SBNETs, 93.8 % for PNETs). In the 24 patients with unknown primaries prior to surgery, the algorithm correctly classified the primary site in 23 (95.8 %), including 11/12 liver metastases. From these results in an independent validation set of liver metastases, we conclude that the algorithm accurately discriminates SBNET and PNET metastases. The algorithm performs better for SBNET metastases, but high positive predictive values for both tumor types indicate that this validated algorithm's results are clinically relevant.
Misclassified metastases
Closer examination of the four misclassified liver metastases revealed that all four had expression patterns of BRS3 and OPRK1 more consistent with the other primary tumor type, rather than aberrant expression of a single gene. The misclassified SBNET liver metastasis had dCTs for BRS3 and OPRK1 of 2.6 and 4.9, which with a low BRS3 dCT and high OPRK1 dCT, more closely matches the normal PNET expression pattern. The three misclassified PNET liver metastases had higher BRS3 dCTs and lower OPRK1 dCTs, which is the pattern seen in most SBNET metastases (BRS3 and OPRK1 dCTs: 8.8 and 4.6; 8.2 and 4.5; 10.7 and 5.2). All BRS3 and OPRK1 dCTs in misclassified liver metastases lay outside of the expected interquartile ranges for their true primary types, but only one of these (BRS3 in the misclassified SBNET) was a true outlier, falling outside of 1.5 times the interquartile range. From this we conclude that the Step 1 model is well calibrated to distinguish the primary site, but that variability in gene expression exists and precludes perfect primary site discrimination. Performance in metastases from low-grade tumors was slightly better than in intermediate and high-grade metastases (low: 95/99, 95.9 % correctly classified; intermediate: 25/28, 89.3 %; high: 8/9, 88.9 %), but these differences were not statistically significant (p = 0.2). Likewise, metastases in which BRS3 or OPRK1 did not amplify (and therefore required Steps 2 or 3 of the algorithm to assign a primary site) were no less likely to be low-grade (10/14 were low-grade) than those in which both of these genes amplified (89/122 were low-grade, p = 0.9). Thus, although non-low-grade metastases might be expected to show more variable gene expression than lowgrade metastases, the algorithm performed well in metastases from all grades of primary tumors. A caveat to these results is that grade information abstracted from older pathology reports did not employ current WHO grading criteria.
Web-based metastasis calculator
To permit other researchers to use this algorithm to determine the most likely primary site of a neuroendocrine metastasis suspected to arise from an SBNET or PNET, a web-based metastasis calculator was developed (http:// myweb.uiowa.edu/sksherman/NETCalc.html). For samples prepared following these methods, the user inputs mean Ct values for the informative genes and internal controls, and the calculator returns the most likely primary site of origin.
The calculator features open-source code and freely shares all model formulae.
Discussion
The primary site of metastatic SBNETs and PNETs cannot be determined from biopsy specimens in a significant number of patients. The present study describes an algorithm based on expression of four informative genes in metastatic tissues that correctly determined the primary site in over 94 % of metastases. Its excellent discriminatory ability in the independent validation set, where it correctly classified 52/56 liver metastases, constitutes its expected accuracy (92.9 %) in clinically-relevant samples. Positive predictive values of greater than 92 % for both SBNET and PNET primary site assignments, and the finding that the algorithm's accuracy in classifying specimens from patients whose primary site was truly unknown prior to surgery (23/24, 96 %) matches its overall performance (94 %) further supports its potential clinical utility.
This study included only metastases arising from SBNET and PNET tumors, which is justified based on the clinical profile of NET liver metastases of unknown primary. A multi-institutional analysis of NETs with liver metastases reported that in 295 patients with metastases of known primary sites, 217 (74 %) were from SBNETs or PNETs, while 47 (16 %) were from endoscopically accessible sites (gastric, colorectal), and 20 (7 %) were bronchial-primary NETs [11] . Bronchial NETs represent the most common NET in the United States [1] , but when metastatic to the liver, they produce identifiable lesions on chest x-ray or CT imaging, and their primary site is therefore usually known [6, 11, 32] . Among GI sources for NET liver metastases of unknown primary, SBNETs and PNETs are the most common. In a review of 92 patients with NET liver metastases whose tumors were ultimately determined to be of gastrointestinal origin, Wang et al. found that 43 had tumors arising from the pancreas, 33 from the small bowel, 15 from the colorectum, and 1 from the stomach. The colorectal and stomach NETs were nearly always identified by endoscopy [3] . Bartlett et al. reported that of 61 patients with metastatic NETs, all arose from the foregut or midgut, and non-pancreatic foregut NETs were usually identified by endoscopy [7] . Thus, in clinical practice, after an appropriate workup including chest X-ray, CT, and upper and lower endoscopy, NET liver metastases of unknown primary usually originate from the small bowel or pancreas. An algorithm tuned to differentiate these primary sites therefore offers valuable information.
Knowing the primary site of NET liver metastases impacts patient care in several ways. Unlike most solid tumors, NET patients benefit from surgical resection in the setting of metastatic disease. Surgical resection or ablation of liver metastases can reduce symptoms and may prolong survival [10, 11, [33] [34] [35] . During these procedures, resection of the primary tumor is performed when possible [16, 35, 36] . Even when liver metastases cannot be completely resected, retrospective studies suggest that resection of the primary tumor prolongs survival of patients with SBNETs and PNETs [13] [14] [15] [16] 36] . Knowing with high positive predictive value that an unknown metastasis arose from an SBNET primary therefore presents a strong indication for surgical exploration. A criticism of using such an algorithm for surgical planning is that because most PNETs are visualized on CT imaging, unknown-primary NETs are already likely to be of small bowel origin [3, 7, 32] . However, in patients predicted to have a pancreatic primary when none can be radiographically visualized, the algorithm could still impact surgical choices. In series of operative exploration for unknown-primary NETs, most tumors are localized to the small bowel, but some are identified in the pancreas, and 9-14 % of primaries cannot be found [3, 7, 32] . Due to the morbidity of pancreatic resection, few surgeons will perform this without radiologic confirmation of a tumor. PNET size correlates with metastatic potential, but small PNETs (\ 2 cm), which may fail to appear on preoperative imaging, have nodal metastases in 27 % of cases based on population-level data [37] . In a large institutional series of small PNETs, even highly-selected patients thought to be at very low risk had nodal metastases identified at surgery in 9 % [38] . It is therefore possible that some unlocalizable tumors actually arise from PNETs too small to detect on imaging. In the setting of a metastasis whose primary site is unknown after a full workup, and which this algorithm predicts to arise from the pancreas, if surgical exploration fails to identify a small bowel tumor, exposure of the pancreas and intraoperative ultrasound should be performed to search for a small occult pancreatic primary tumor.
Treatment of patients presenting with widely metastatic disease too advanced for surgery could also be affected by application of the algorithm. In patients who will not undergo surgical exploration, optimal medical therapy for low and intermediate grade NETs depends on the type of primary tumor [39] . The algorithm could help inform decisions on whether to initiate everolimus, sunitinib, or other PNET-directed chemotherapeutics, while avoiding toxicity in SBNET patients, where these agents have lower response rates and are not recommended [39] . As targeted therapeutics with greater activity in either PNETs or SBNETs continue to be developed, accurate assignment of primary site will likely become even more important.
Strengths of this study include surgical determination of the primary site for all specimens and its large sample size. Other gene expression classifiers have included NETs where the primary sites were not verified by surgery [26, 27] . The 92-gene classifier developed by Kerr et al. relies on primary site determinations made by a central pathology adjudication committee [26] . Although they applied rigorous methods to define the primary site, inclusion of biopsy specimens without surgical confirmation of the presumed primary site introduces uncertainty into classifier development and validation. This is particularly true of NET subtypes, which can be especially difficult to distinguish by histopathology alone. In the present study, surgical resection of the primary tumor for all specimens permits unambiguous assignment of the true primary site, thus avoiding this potential confounding factor.
The large number of samples tested by our algorithm ensures a thorough assessment of its performance. Posorski et al. reported a three-gene expression signature for distinguishing gastrointestinal NETs, but this was based on expression measured in primary and metastatic NETs from only 17 patients, including samples from gastric, colonic, and unknown primaries in addition to PNETs and SBNETs [27] . Due to the low numbers of individual tumor types and lack of additional validation specimens, the value of this gene expression signature remains unproven. The much larger study by Kerr et signature to classify cancers of unknown primary based on a database of 2,094 tumors of all types and validated on 790 others, including 50 neuroendocrine tumors [26] . This classifier performed well in distinguishing neuroendocrine tumors from all other cancer types (49/50), but its performance in distinguishing sites of origin of neuroendocrine tumors was more difficult to assess due to low numbers. Out of 1 primary and 11 metastatic ''gastrointestinal'' NETs (site of origin not further specified), and 4 primary and 6 metastatic PNETs, it correctly classified 12 and 8, respectively [25] . The performance of the 92-gene classifier (100 % for gastrointestinal and 80 % for PNETs) is comparable to our results, but whether such results will persist in a larger sample of metastases is unknown. Moreover, using a gene classifier designed to address all possible cancers appears inefficient for NETs, as conventional pathology can nearly always define the NET diagnosis.
A limitation of the present study is that its methods are not currently standard clinical practice. Although none of the samples in this study were collected by percutaneous liver biopsy, isolation of adequate mRNA for qPCR requires less than 500 nanograms of tissue. This suggests that by dividing percutaneous liver biopsy specimens, saving half in RNAlater for gene expression and half in formalin for conventional pathology studies, primary site predictions could be obtained from such samples. Future research will establish the algorithm's performance in mRNA recovered from frozen formalin-fixed paraffinembedded tissues, but at present, it is validated only for tissues preserved in RNAlater.
Immunohistochemistry represents a promising approach to NET primary site assignment, yet despite high reported sensitivity of staining for caudal type homeobox 2 (CDX2) for SBNETs and insulin gene enhancer binding protein 1 (ISL1) for PNETs, most studies are small and few evaluate overall accuracy [23] . A larger study of 10 IHC markers in 70 PNETs and 107 SBNETs found that while 97 % of SBNET primary tumors stained for CDX2, sensitivity fell to 83 % in SBNET metastases, while 14 % of PNET primary tumors were also CDX2-positive [40] . Although only 2 % of SBNET metastases were positive for ISL1, its sensitivity in PNET metastases was only 85 %. Similarly, although progesterone receptor (PR) and paired box gene 6 (PAX6) showed high specificity for PNETs versus SBNETs, each had sensitivity of only 69 % in PNET metastases [40] . Incorporation of a panel of these and other IHC markers may improve overall accuracy, and our group continues to investigate the optimal combination of IHC and gene expression methodologies to efficiently classify metastases of unknown primary.
To increase access to this gene expression algorithm and facilitate future studies, we developed an online NET metastasis calculator. It requires amplification of two internal control genes and at least two informative genes to make a prediction. Since the genes for the optimal model, BRS3 and OPRK1, amplified in 90 % of samples, a base assay would measure expression of as few as four total genes, although measuring expression of all six will allow a prediction to be made in nearly all specimens. In contrast to commercial gene classifiers that employ proprietary methods, its open-source code allows full evaluation of the algorithm's predictive models by other investigators, and application to other groups' data.
In summary, biopsy of liver metastases allows diagnosis of neuroendocrine tumors, but optimal treatment of metastatic SBNETs and PNETs requires knowledge of the primary site. An algorithm developed using nodal metastases and employing expression of four informative genes allowed for a primary site prediction in all 136 metastases tested. It correctly classified the primary site in 128/136 (94.1 %) of all metastases, and in 52/56 (92.9 %) of liver metastases in the independent validation set, with positive predictive values of 92.5 % for SBNETs and 93.8 % for PNETs. A webbased calculator (http://myweb.uiowa.edu/sksherman/NET Calc.html) makes the algorithm freely available. Based on its high accuracy in a group of metastases generalizable to clinical practice, and its potential to change management, we conclude that prospective evaluation of its impact on patient care in SBNETs and PNETs is warranted.
